Air knife is the key equipment to determine zinc coating thickness in the hot-dip galvanizing process. The process parameters related to air knife directly determine whether the desired coating thickness can be obtained. Therefore, setting the optimal process parameters is the key step to improve hot dip galvanizing process capability and zinc coating quality. Previous research on zinc layer thickness was based on the principle of physics and simulation to build models and few studies were carried about the interaction between parameters of air knife. In this research, three process parameters (stripe velocity, air pressure and air knife-stripe distance) were considered to optimize coating thickness by Response Surface Method (RSM), Taguchi method and Genetic Algorithm (GA). This paper firstly used response surface method (RSM) to establish polynomial model and discuss interaction effect between air pressure and the range of air knife. Then, this paper used Taguchi method to do the robustness analysis of air knife and validate the polynomial model from response surface method. Finally, this paper built suitable a fitness function and then uses genetic algorithm to find the optimal combination of parameters for a given thickness of zinc layer. This proposed integrated method is a good try to combine RSM, Taguchi method and GA.
Introduction
The optimization of process parameters is routinely performed in the manufacturing industry so as to solve the challenges in product quality and/or optimize the cost effectiveness of manufacturing processes [1] . Hot dip coating thickness control technology has experienced from the hand dip plating method to roll coating method to the development process of blowing method. In hot-dip galvanizing process, zinc coating thickness is one of the main quality control factors of galvanized steel strip. Whether zinc coating thickness is in line with the needs of customers has critically important effects on the price of galvanized sheet. So zinc coating thickness control is not only an industrial problem, but also an economic concern in modern rolling mills.
Zinc coating thickness control includes two aspects: (1) Quality index, the uniformity of strip surface; (2) Cost index, mainly considering the deviation between the target thickness and the actual thickness [2, 3] . Therefore, whether the zinc thickness reaches the customers' standard or not is the key to decide the product quality. On the process of hot-dip galvanizing, air knife is the key equipment to control the coating thickness [4] . The working principle of air knife is shown in Figure 1 . As shown in Figure 1 , under the protection of the protective gas, the strip is annealed in the furnace and then dipped into the zinc bath. After strip is pulled out from zinc pot, the impact of the high velocity airflow from air knife will adhere to the strip surface and make the excess zinc liquid blown back to the zinc pot.
According to previous research on air knife, zinc coating thickness can be obviously influenced by the values of process parameters related including: air pressure, the range of air knife, the height of air knife, knife-lip gap and the angle of air knife. Early in 1976, Thornton and Graff [4] deduced the calculation model of the zinc coating thickness, considering only the effect of air knife pressure. Then, based on the research of Ellen and Tu [5] considered the effect of flow shear stress to coating thickness. Delphineet et al. [6] simulated the flow of air flow and considered the flow of liquid and gas at the same time. Aha and Chung [7] focused on the study of the flow field in the edge of the strip and discussed the reason of excessive zinc in the strip. Gosset and Buchlin [8] analyzed the effect of gas nozzle shape on gas flow field and discussed the splash behavior.
Except for single physical models, the numerical simulation technique has been applied to the parameter optimization of air knife. Zhang et al. [9] established four first-order polynomial multi-parameter models to predict different targeted coating thicknesses by numerical simulation as FLUENT and discussed the influences of the outlet pressure, the nozzle to strip distance, the slot opening, the edge baffle plate as well as the tilting angle of air knife. Lacanette et al. [10] analyzed the effect of the gas-jet nozzle to substrate standoff distance on the final coating thickness through numerical simulations and investigated the occurrence of the splashing phenomenon. Elsaadawy et al. [11] developed a coating weight model to describe the pressure and wall shear stress distributions for the prediction of coating weight. Shin et al. develop a synthesis method including a long term model and a short term model to analyze the nonlinear coating weight control problem as a linear control problem [12] . Kweon and Kim [13] discussed the effect of the height of nozzle slot in the air knife wiping process in detail based on the results from a finite volume method (FVM).
In summary, most existing studies are based on the principle of physics and simulation to build optimization models. Those types of models are more precise but not very reliable and sufficient. Three reasons could account for that. The first reason is that these models are critically difficult for common workers to understand, which may negatively influence the efficiency of practical applications. For example, air knife height, air knife angle and knife-lip clearance are fixed or stable in a very small range because of the difficulty to adjust and control them, so actually it is not significant to put these parameters into a mathematical model. The second reason is that most research on air knife ignored the interaction between different parameters of air knife. Actually, when there is interaction between two different factors, it is meaningless to simply study the effect of one factor, and the role of this factor must be studied at different levels of another factor. So it's not realistic to consider the optimal levels of each factor individually. The third reason is that few research considered the potential influence of the parameters' fluctuation on the system performance. Actually, it's necessary to consider the fluctuation of parameters in the process of setting optimal values of parameters because the stability of air knife also has an affect on product quality. To solve those problems above, this paper choose three most important parameters of air knife to build a more practical polynomial model according to response surface method and discussed the interaction between strip speed and air knife range. Then, this paper used Taguchi method to discuss the stability of the system and eventually found the position factor and divergence factor. Finally, according to the conclusions of experiments above, this paper built a suitable fitness function and used GA to find the optimal parameter combination. This integrated method should be considered as a good try to combine RSM, Taguchi method and genetic algorithm. The structure of this paper can be listed as follows. Methodologies will introduce the principle of Response Surface Method, Taguchi Experimental Design and GA. The proposed integrated approach will describe the designs of CCD experiment, Taguchi experiment and GA. 4 Results and discussions will show the results and discussions of experiments, followed by a brief conclusion in Conclusion.
Methodologies Response Surface Methodology (RSM)
Response Surface Methodology (RSM) is often used in the complex optimization calculation process, which is a method based on orthogonal experimental theory. In practical work, researchers often need to study how the dependent variable Y depends on independent variables, and then find the optimal setting of independent variables so that the response variable gets the best value ('looking big', 'looking small' or 'looking at the target'). Through the experimental data, RSM helps researchers establish the equation between independent variables and dependent variables, and then to predict the best output value [14, 15] . The output value is obtained based on the regression analysis of control values of independent variables. In 1951, Box and Wilson [16] introduced response surface methodology for the first time. Compared with the previous full factorial experimental design, the number of experiments was greatly reduced. In addition, the experimental results obtained by response surface methodology are also considered to be statistically acceptable [17] . Besides, the Response Surface Method is one of the best methods to deal with these types of problems if the number of independent variables is less than three. Besides, RSM is especially suitable for the case of ''looking big' or 'looking small' and the robust design method (Taguchi method) is more suitable for the case of 'looking at the target'. The implementation steps of RSM are listed as follows: (1) Experimental design; (2) Statistical analysis and build regression model; (3) Variable optimization through model equation. Central composite design (CCD) and Box Behnken design are the most commonly used experimental design methods. The greatest advantages of these types of experimental designs are the reduction in the number of experiments and the good prediction for dependent variables [18] . For example, on the premise of four independent variables, total factor analysis require at least 81 rounds of experimental [16] , while the CCD method requires only 31 rounds of experiments (16 cube points, 8 star points and 6 central points).
Taguchi method
Taguchi method was invented and developed by Dr. Genichi Taguchi, a Japanese quality control expert, in the 1950s [19] , which is widely used to the optimization of process parameters especially in the field of manufacturing, which has proven to be highly effective [20] . This method only needs small number of experiments to study the entire parameter space by a special design of orthogonal arrays [21] . For the purpose of robust design and best product quality, three types of design methods have been entailed: system design, parameter design and tolerance design [22] . Parameter design is the core of three kinds of design where the optimum value and optimum combination of each element parameter affecting the system quality characteristics are selected by orthogonal experimental design. The purpose of system design is to determine the suitable working levels of design factors [23] (6) Analyze outcomes by signal to noise ratio (S/N), principal effect diagram and ANOVA. The Taguchi method is not only to promote full use of inexpensive components to design and produce high quality products, but advanced test technology can be used to reduce the design cost of test. The difference between the Taguchi method and other experimental methods are: other experimental methods generally rely on the repeated experiments performed to estimate the error, after all, the ultimate target is the response variable itself, while robust parameter design takes variation as the final research object, the purpose is to find and identify variables that can directly affect the performance deterioration, which essentially extends the function and the requirements [24, 25] .
Genetic algorithm
Genetic Algorithm is a method of searching the optimal solution by simulating the natural evolution process, which is a computational model simulating the natural selection process of Darwin's theory of biological evolution [26] . In technology and science, GAs has been used adaptive algorithms for solving practical problems and as computational models of natural evolutionary systems [27] . By using the probabilistic optimization method, the genetic algorithm can automatically obtain and guide the search space, adjust the search direction adaptively, and do not need to determine the rules. It has been successfully used in job-shop scheduling, production planning, line balancing, lumber cutting optimization, and process optimization [28] . Goldberg has suggested a most common and useful form of GA [29] . The basic steps of the genetic algorithm are listed as follows:
1. Chromosome encoding, determine the length and the population size of chromosome; crossover probability and mutation probability;
2. Define the fitness function to evaluate the fitness;
3. Randomly generated initial chromosome;
4. Calculate the fitness function of chromosomes;
5. Choose a pair of chromosomes for mating. Chromosomes with high fitness have higher probability to be chosen. Roulette method is commonly used in the selection of chromosome [30] ;
6. Generate offspring chromosomes through crossover and mutation;
7. Repeat step 5, until it reaches the specified genetic algebra;
8. Replace the initial chromosome with the new generation;
9. Repeat step 4-8 until it reaches the standard of fitness function.
Steps for process parameter optimization
A flow chart diagram is presented in Figure 2 to show the concrete steps. In the parameter optimization, air pressure, the knife-strip distance and strip velocity were entered as the explanatory variables, and the coating thickness was the response variable.
Step 1: Design experiments according RSM, and manufacture according the experiment design.
Step 2: Build regression model and analysis of variance (ANOVA).
Step 3: Use response surface analysis to analyze interactions.
Step 4: Build regression model and analysis of variance (ANOVA).
Step 5: Design experiments according Taguchi method, and manufacture according the experiment design.
Step 6: Analyze the system robustness and verify conclusions from RSM.
Step 7: Create a suitable fitness functions and solve optimal solutions by genetic algorithm.
The Proposed Integrated Approach

Design of CCD experiment
This research proposes the RSM to optimize the air-knife cutting process, and efficiently determine the interactions between Zinc coating thickness and three main process parameters (air pressure, the range of air knife and strip velocity). Moreover, the interaction between strip velocity and the range of air knife has been fully discussed.
The strip specification used in the experiment is 1.5 × 860 (cm). The preheated strip comes from the annealing furnace and zinc bath that is heated at 460°C (0.0077% of Iron content and 0.4% of aluminum content). Air-knife height is fixed in 220 mm. Air-knife angle is maintained at 90˚. Knife-lip clearance is steady between 0.6 mm and 0.8 mm. The criteria of other process parameters are illustrated in Table 1 . As for three main process variables, the air pressure (MPa) is controlled by a frequency conversion motor knob, which can be controlled by workers. The range of air knife (cm) can be adjusted by a hand-type motor and the stripe velocity (m/min) could be hold by the central control system. Zinc coating thickness is accurately measured by weight-reducing method. Firstly, measure the samples by electronic scale and then wash away the zinc coating on the surface of samples with hydrochloric acid. Secondly, measure the samples by electronic scale again and the weight of the zinc coating is obtained (The first weighing result minus the second weighing result). Finally, Zinc coating weight is divided by surface area and finally zinc coating weight per unit area is obtained (g/m 2 ).
After zinc bath, the whole parameters mentioned above can influence Zinc coating thickness. However, in the actual engineering application, the knife-lip clearance, air-knife height and air knife angle are basically steady. So optimization of these process parameters has no obvious practical significance. Air pressure, the knife-stripe distance and strip velocity can be easily controlled by workers or machines, and theory and practice have also proved that these three parameters have more significant impact on the thickness of zinc coating than other parameters [9] . In hot-dip galvanizing process, air pressure is the most sensitive parameter and an important process in the control of coating thickness. In general, when the air pressure becomes smaller, the zinc thickness will become bigger. However, on the condition of very low strip velocity, sometimes, when air pressure becomes bigger, the zinc thickness is greater. It is because the cooling effect of spray gas on zinc solution exceeds its zinc blowing effect, resulting in rapid solidification of zinc coating. Under the premise that other conditions remain unchanged, the coating thickness will become bigger when the strip velocity is increased [31] . Moreover, the change of strip velocity will affect the air pressure. Besides, the knife-stripe distance has a very significant influence on the thickness of zinc coating [31] . The greater the distance between the air knife and the strip, the greater the thickness of the zinc coating is.
In this experiment, three factors were considered, and the CCD design was determined with 8 cube points, 6 star points and 6 center points. There were 20 sets of experiments. The strip speed, blowing pressure and the distance between the cutter and the strip surface were recorded as X1, X2, X3, respectively. According to the actual production practice of Tianjin sea steel plate Co., Ltd. and related literature, the two level of the three factors value is shown in Table 2 .
In response surface, linear model and polynomial model are the most commonly used models to establish the correlation among factors. The usual practice is to firstly fit a linear regression equation with the experimental data, if it is found that the bending trend, try to fit a quadratic regression equation. The general forms of the two kinds of models were listed as follows:
First order linear regression model:
Where Y is the response variable; X i is the explanatory variables; β o is the model constant; β 1 represents the linear coefficient; and ε is the statistical error.
Two order polynomial regression model:
In the CCD experiment, 20-run trials were conducted by Design Expert. The number of central points was 6, and the alpha value was 1.68179. Select the "Cube Points" in the Levels Define column, which is to choose the CCC design (central composite sequential design), and the asterisk will go beyond the cube. Finally, the experimental order was randomized. The result of experiment is presented in Table 3 .
In order to select the highest fitness model, 4 different sources of regression models were carried out including Linear, 2FI, Quadratic, Cubic. Result analysis and summary could be showed in Table 4 .
It can be seen from Table 4 that the fitting effect of polynomial model is the best, p-value equals 0.0006, far less than 0.01. In addition, the p-value of the 'Lack of Fit' is 0.175, which is far greater than 0.05, which indicates that lack of fit does not exist. Finally, in the preliminary diagnosis, multivariate full correlation coefficient R2 (Rsq) of the polynomial model is 96.08%, and the modified multivariate full correlation coefficient R-sq (adj) is 92.56%, which proves that the model has higher explanatory level for variables. Except for the polynomial model, the other 3 models, including linear regression model, all show a certain mismatch phenomenon, and the modified multivariate full correlation coefficient R-sq (adj) is not high, which proves that variables cannot be effectively explained. Moreover, the R-sq value of Cubic fitting model has obvious abnormal, which indicates that the prediction effect is very poor. Therefore, it can be preliminarily determined that polynomial model is the most suitable for modeling.
Design of Taguchi experiment
In this part, Taguchi method was used to do the system robustness analysis and verify the conclusion from RSM. One group of experiment was carried out in this research (L9 (3^4) orthogonal table was selected). As for the levels of influence factors, the air pressure was set as 0.4 MPa, 0.45 MPa and 0.5 MPa, the strip velocity was set as: 40 m/min, 50 m/ min, 60 m/min and the range of air knife was set as 23 mm, 24 mm and 25 mm. The three factors (strip velocity, air pressure, the range of air knife and ) chosen for this Taguchi experiment were designated as X1, X2, X3, showed in Table 5 .
The errors of three independent variables were treated as the error factor, and the error value depended on the numerical value itself. In this experiment, the three error levels of X1, X2 were listed as follows:
Second level=internal standard center value; First level=inner table center value * (1-10%);
Third level=inner table center value * (1+10%).
According to the result of RSM, the range of air knife had a great influence on the thickness of zinc layer and actually the fluctuation was small. Therefore, the three error levels of independent variable X3 were listed as follows: Then, in order to reduce the number of experiments, this part used "the most unfavorable comprehensive error method" to design noise table, which included a total of 18 experiments. Considering the characteristic ('look at the target') of the response variable "zinc layer thickness" and the actual production practice, the comprehensive error factor N' was taken as the following two levels: N1': the worst side of the negative side; N2': the worst side of the positive side.
Therefore, the final noise table generated was shown in Table 6 and the final experiment result could be seen in Table 7 .
Design of Genetic Algorithm optimization
The thickness requirements of zinc layer are stipulated by customers. Therefore, how to set the parameters of air knife to make the ultimate zinc layer thickness closer to the target value is the main problem. In this paper, the genetic algorithm (GA) was used to find the optimal parameters of air knife under the specified zinc thickness target in the hot galvanizing process, and the fitness function (1) was established as follows:
Where Y is the theoretical value calculated by our model; d is the required value from customers; val represent absolute value of difference between theoretical value Y and the required value d.
From this fitness function, a conclusion can be obtained that the value of val 1 will be smaller when the Y is more close to the d. When the Y is equal to d, the val will reach zero, which is the best situation.
In addition, according to the Taguchi experiment, a large S/N (signal to noise ratio) represents a good system robustness because of the definite purposed character in three stage design. So except for the demand of customers, S/N should be considered as a part of the other fitness function, which could be showed as follows:
Where the target is to make the S/N smaller to improve the system robustness.
Therefore, according to the result of Taguchi experiment, the equation of fitness function was established as follows:
Then, in actual production process of Tianjin sea steel plate Co., Ltd., the air pressure is usually maintained between 0.3 MPa and 0.6 MPa, the range of air knife is maintained between 22 cm and 27 cm. The strip speed of production line is generally maintained between 30 m/min and 60 m/min. The setting target of zinc thickness is not over 120 g/cm 2 .
In this paper, the binary encoding method was adopted. For example: air pressure is 0.36 MPa, strip speed is 50 m/min, air knife range is 24.5 cm. Take integer 36, 50, 45 for binary coding, the corresponding binary number is "100100", "110010", "101101", the final formation of the chromosome as shown in Figure 3 .
After the encoding is completed, genetic operations need to be designed, including selection, crossover and mutation operations.
(1) Selection: The selection operation needs to select a pair of chromosomes from the current population. In order to keep the individuals with higher fitness to the next generation, this paper adopted roulette method and elitist reservation strategy to perform the selection operation. (2) Crossover: Crossover operation is the main operation process of generating new individuals in genetic algorithm. It exchanges some chromosomes between two individuals with a certain probability. In this paper, the method of "single point crossover" was adopted. The specific operation process was: firstly, the population is randomly paired, and then the intersection point was set randomly, and finally some genes were exchanged between pairs of chromosomes. (3) Mutation: Mutation operation is to change the gene value of one or some loci in a small probability, and it is also an operation method to produce new individuals. The method of "basic bit variation" was used to perform the mutation operation. The specific operation process was: firstly, the mutation point of each individual was generated randomly, and then the original gene value of mutation point was inverted according to a certain probability. The setting values of experimental parameters in this paper can be showed in Table 8 .
NO
Results and Discussions
Results of RSM
Based on RSM, this paper used polynomial model for data fitting and considered the interactions between the three variables. After eliminating the no-significant effects, the results of variance analysis were shown in Table 9 and the final polynomial model was: 
The P-Value of the corresponding regression item was 0 (<0.001), which indicates that the original hypothesis should be rejected, and the model was effective. Then, look at the following aspects: (1) The P-Value equals 0.307 of Lack of Fit is greater than the P-Value before removing the interaction item (0.175). It showed that the original hypothesis cannot be rejected, and it can be concluded that there is no phenomenon of mismatch in the model; (2) After removing several interaction terms, the multivariate full correlation coefficient R2 (i.e., R-sq) was 95.90%, and the modified multivariate full correlation coefficient R-sq (adj) was 94.01%. The results showed that the regression effect was good; (3) The s value was 480426. Actually, the s value of the model was lower than that of the model before the interaction is removed (5.35396). It was proved that the polynomial model had better fitting effect when the three interaction items were removed; (4) The significance of interaction effect could be seen from Table 5 . The square terms of blowing pressure and strip speed were still highly significant, and the interaction term of strip speed and air knife range was also highly significant.
In order to verify the accuracy of log regression model, scatter plot of residuals was showed in Figure 4 and the normal probability plot of the residuals was depicted in Figure 5 . Figure 4 showed the residuals in the order of the observed values, and the results were in line with expectations. From Figure 5 , the figure reveals that the residuals generally fall on a least-square line which is used to estimate the cumulative distribution function for the population [22] . As evident from the figure, the errors can be regarded as normal distribution and there are almost no apparent violations of the assumptions that underlie the analysis [32] . By displaying a satisfactory normal distribution, the normality assumptions made earlier could be confirmed and the predictive regression model has extracted all information available from the experimental data [33] .
Overall, when the strip speed increases from 40 m/min to 50 m/min, the thickness of zinc steel increases; but when the strip speed exceeds 50 m/min and continues to increase, the thickness of zinc remains unchanged, even has a slight downward trend. When the air pressure increases from 0.4 MPa to 0.45 MPa, the thickness of zinc has a slight downward trend, but not obvious; when the gas pressure exceeds 0.45 MPa, the thickness of zinc decreases quickly and the downward trend is more and more obvious. With respect to the range of the air knife, the thickness of the zinc layer increases with the range of the range of air knife quickly. The relationship between strip speed, blow pressure, range of air knife and thickness of zinc coating is shown in Figures 6-8 .
According to the above experimental results, the response surface diagram of strip speed, the range of air knife and response variable
Parameters
Setting value
Population size 100
Generation gap 0.9
Cross rate 0.9
Mutation rate 0.3 Maximum genetic algebra 50 could be made, as shown in Figures 8 and 9 . On the one hand, when the strip speed increased from 40 m/min to 50 m/min, the zinc thickness increased, but the increase was obviously affected by the range of air knife: (1) when the range of air knife was between 23 mm and 24 mm, the zinc thickness increased rapidly with the steel speed; (2) when the range of air knife is over 24 mm, the zinc thickness increased slowly with the steel speed. On the other hand, when the strip speed exceeded 50 m/min, the zinc thickness was less affected by the change of strip speed, but also affected by the range of air knife: (1) when the air knife range was between 23 mm-24 mm and the steel speed increased from 50 m/min to 60 m/min, the zinc thickness stayed unchanged; (2) when the range of air knife was more than 24 mm and the strip speed increased from 50 m/min to 60 m/min, the thickness of zinc appeared to decrease. So Figure 8 apparently shows that there is a certain interaction between strip speed and air knife range. In addition, from Figure 9 , the two curves (, the red line represents the relation between air knife range and zinc layer thickness and the black line represents the relation between strip speed and zinc layer thickness) are not parallel, but show a certain angle, it is further proved that the interaction between strip speed and air knife range.
Results of Taguchi experiment and system robustness analysis
Through Mintab, the experimental results of signal-to-noise ratio (S/N), mean and standard deviation were shown in Tables 10-12. Since the choice of the Taguchi design, the divergence factor should be chosen to minimize the divergence, and then the level of the adjustment factor was selected to make the zinc layer thickness reach the target value. In this Taguchi design, the signal-to-noise ratio (S/N) increases, the system robustness is better.
According to the signal-to-noise ratio table, the Mean value and range of the signal-to-noise ratio (SNR) could be seen. According to the order ranging from large to small, the influence of various factors on SNR was judged. The arrangement order was: (1) Air pressure, (2) Strip speed, (3) Air knife range. Obviously, the air pressure was the dispersion factor. According to the mean response table, the arrangement sequence was listed as follows: (1) Range of air knife, (2) Air pressure, (3) Strip speed. Because the range of air knife has the greatest influence on the mean, and it is not the divergence factor, the range of air knife could be judged as the position factor. In addition, Figures 10 and 11 also confirmed our conclusions. Figure 10 showed that in the curve between the air pressure and zinc layer thickness is the most steep, which means air pressure has the biggest influence on the signal-to-noise ratio. Figure 11 showed that the range of air knife has the biggest influence on the mean of zinc thickness. So, two conclusions could be obtained via the results of Taguchi experiment: (1) The air pressure should be taken into account firstly when workers need to set values of parameters. From Figure 10 , it could be seen that the signal to noise ratio decreased linearly with the increase of air pressure. Therefore, the air pressure should be kept at a lower level; (2) After determining the level of air pressure, the range of air knife should be considered secondly to reach the target. Figure 11 also showed that the similar conclusions with RSM. When the strip speed increases from 40 m/min to 50 m/min, the thickness of zinc steel increases; but when the strip speed exceeds 50 m/min and continues to increase, the thickness of zinc remains unchanged, even has a slight downward trend. When the air pressure increases from 0.4 MPa to 0.45 MPa, the thickness of zinc has a slight downward trend, but not obvious; when the gas pressure exceeds 0.45 MPa, the thickness of zinc decreases quickly and the downward trend is more and more obvious. With respect to the range of the air knife, the thickness of the zinc layer increases with the range of the range of air knife quickly. So to a certain extent, it proved the correctness and reliability of polynomial model. Then, the thickness data obtained from Taguchi experiment were compared with the data calculated by polynomial model and the results were shown in Table 13 . Then, the percentage error is expressed by histogram, as shown in Figure 12 . Figure 12 showed that the fitting accuracy of the polynomial model was between (-7%)-(3%), which could meet the actual requirements and proved the accuracy of RSM. And Figure 13 showed that the average error of zinc thickness was growing with the increase of air pressure, which meant that stability of air knife system decreased and proved the accuracy of Taguchi experiment.
Verification of polynomial model
Results of genetic algorithm
According to the results from RSM and Taguchi experiment, the final fitness function could be seen as follows:
Where y is the calculated value from polynomial model, d is determined by customers, a equals the permitted minimum value of air pressure, which is usually an empirical value, x 2 is the actual setting value of air pressure.
According to Taguchi experiment, air pressure is dispersion factor, which has the biggest influence on the system robustness. When the value of air pressure decreases, the S/N increases and the system robustness increases. So in the final fitness function, the type (x 2 -a) was used to express the requirement of system robustness. In this paper, according to the actual production situation of a certain steel company, the value of a set as 0. ). The optimal parameter combination of air knife was also obtained. The value of strip velocity was 54 m/min. The value of air pressure was 0.37 MPa. The value of strip to knife distance was 23.9 cm. Finally, the change curve of solution and population mean could be showed in Figures 14 and 15 to prove the validity of genetic algorithm. 
Conclusion
In the hot galvanizing process, whether the zinc coating thickness meets the customer demands is the key to determine the product quality. In this paper, a integrated method including RSM, Taguchi experimental design and GA were carried out to research the relationship among variables and system robustness. Air pressure, the range of air knife and strip velocity were exploratory variables and the zinc thickness was the response variable. The conclusions of our research can be listed as follows:
(1) The polynomial model established by RSM has been verified via real data and the prediction error of polynomial model is between (-7%)-(3%), which could meet the actual requirements. Besides, this paper deeply analyzed the interaction effect between the range of air knife and strip speed via RSM. The effect of strip speed on zinc layer thickness is affected by the range of air knife. (2) This paper used Taguchi method to analyze the system robustness and found that the air pressure was the dispersion factor, which had the biggest influence on the system robustness and should be considered firstly. The range of air knife was the position factor, which had the biggest influence on the mean value of zinc thickness and should be considered secondly.
(3) According to the conclusions of RSM and Taguchi method, a comprehensive fitness function was built and the relevant constraints were defined. Then, this paper used genetic algorithm to find the optimal parameter combination under the given coating thickness, which could be regarded as a good tool to predict the reasonable values of parameters to reach the target.
